The spermatogonial transplantation technique was developed by Dr. Ralph Brinster in 1994. Transplanted spermatogonial stem cells (SSCs) produce germ cell colonies after microinjection into the seminiferous tubules of infertile mice. This technique provided the first functional assay for SSCs. Although it became possible to produce transgenic animals using this transplantation technique in 2001, the lack of SSC culture systems prevented efficient genetic manipulation. To overcome this problem, a long-term SSC culture technique was developed in 2003. Cultured SSCs, designated as germline stem cells, allow drug selection of transfected SSCs, and knockout mice were produced in 2006. Using these techniques, it is now possible to address basic biological questions of SSC biology. They also open up new possibilities for male germline manipulation. In this review, we will briefly summarize our findings on SSCs and discuss unresolved issues that remain to be addressed.
Spermatogonial transplantation and germline stem cells (GSCs)
Spermatogonial stem cells (SSCs) provide the foundation for spermatogenesis. In mice, SSCs comprise 0.02-0.03% of total germ cells in testes and are thought to be localized to a specialized microenvironment called the germline niche (Meistrich and Beek, 1993; de Rooij and Russell, 2000) . SSCs are defined by their two distinct functions demonstrated in the germline niche: "production of differentiating spermatogonia toward spermatogenesis (differentiation)" and "production of SSC itself (self-renewal)".
In 1994, Brinster et al. established a spermatogonial transplantation technique that allowed functional identification of SSCs (Brinster and Zimmermann, 1994) . SSCs transplanted into infertile recipient testes colonize seminiferous tubules and reinitiate spermatogenesis to generate offspring (Brinster and Avarbock, 1994) (Fig. 1) . It was later shown that germ cell colonies develop from single SSCs, demonstrating that this technique is applicable to quantitate SSC numbers (Zhang et al., 2003; Kanatsu-Shinohara et al., 2006b) .
Although SSCs can be infected by retroviral/lentiviral/adenoviral vectors to modify the rodent genome both in vitro and in vivo (Nagano et al., 2001; Hamra et al., 2002; Kanatsu-Shinohara et al., 2004d; Takehashi et al., 2007) (Fig. 2A) , the lack of an SSC culture technique limited the extent of genetic manipulations and biochemical analyses that could be performed with SSC. However, discovery of glial cell line-derived neurotrophic factor (GDNF) in the regulation of SSC selfrenewal led to the development of a long-term SSC culture technique (Meng et al., 2000; Kanatsu-Shinohara et al., 2003a) . Pup testis cells cultured on mouse embryonic fibroblasts (MEFs) with cytokines including GDNF form grape-like colonies (Fig. 3A) . These cells, designated as germline stem cells (GSCs), not only proliferate logarithmically for more than 2 years but also reinitiate spermatogenesis and produce offspring after transplantation (Kanatsu-Shinohara et al., 2005a) . Similar cultures can also be established from adult testes (Kanatsu-Shinohara et al., 2004a; Ogawa et al., 2004; Kubota et al., 2004) . Using GSC cultures, transgenic and knockout (KO) mice have been produced by in vitro drug selection of genetically modified GSCs (Kanatsu- Shinohara et al., 2005b Shinohara et al., , 2006a (Fig. 2B) . With the development of spermatogonial transplantation and GSC culture techniques, it is now possible to expand SSCs that can be genetically modified and clonally selected to produce offspring.
Cytokines regulating SSC self-renewal
It was difficult to analyze SSCs by biochemical and molecular approaches because of their small population size. However, the GSC culture system allowed us to generate a large number of SSCs for analyses. Using GSC cultures, we initially focused on GDNF to understand the SSC self-renewal mechanism. We found that GDNF activates the phosphatidylinositol 3-kinase-AKT pathway, and that overexpression of constitutively active AKT enables GSCs to proliferate under GDNFfree conditions, demonstrating that GDNF-mediated AKT pathway activation is critical for self-renewal (Lee et al., 2007; Oatley et al., 2007) . Subsequently, we found that GDNF activates the RAS proto-oncogene Stem Cell Research 29 (2018) [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] via a Src family kinase. Transfection of HRASV12 (constitutively active mutant) or its down-stream target Ccnd2 in combination with Ccne1 permit GSC proliferation and increase SSC frequency without cytokines, demonstrating that self-renewal signals act via the RAS-AKT-cyclin pathway (Lee et al., 2009a) . Surprisingly, HRAS also appears to play a similar role in self-renewal of SSCs in humans, because activating mutations in HRAS contribute to the paternal age effect (Goriely and Wilkie, 2012) .
Previous studies suggested that fibroblast growth factor (FGF) 2 contributes to SSC self-renewal (van Dissel-Emiliani et al., 1996; KanatsuShinohara et al., 2003a) . However, particular function of FGF2 on SSC remains to be clarified. Although it is established that GDNF and FGF2 simultaneously activate both AKT and MAP2K1 pathways in somatic cells, we found that FGF2 activates the MAP2K1 pathway more strongly than GDNF in GSCs. In addition, overexpression of the constitutively active form of MAP2K1 enables self-renewal of SSCs without FGF2. Because overexpression of downstream transcription factors ETV5 and BCL6B allows GSCs to proliferate without FGF2, it was considered that activation of the FGF2-mediated MAP2K1 pathway stimulates SSC selfrenewal via upregulation of ETV5 and BCL6B (Oatley et al., 2006; Ishii et al., 2012) .
Although reactive oxygen species (ROS) are generally detrimental to spermatogenesis, we unexpectedly found that ROS inhibitors suppressed GSC proliferation. Because GSCs overexpressing HRASV12 produce significant amounts of ROS despite their active self-renewal, we reasoned that ROS play an important role in SSC self-renewal. We 
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SSCs from Black Minor chiken with black feather were transplanted into germ cell-depleted White Leghorn chicken Fig. 1 . Spermatogonial transplantation-mediated fertility restoration. In 1994, transplantation of testis cells into Bus recipients restored fertility, but its efficiency was low. Ogawa et al. demonstrated that W recipient is superior to Bus recipient for SSC transplantation from Sl donors. Moreover, it was demonstrated that W pups are superior to W adult recipients for derivation of offspring. To avoid the technical difficulties in handling pup recipients, we recently used GSCs and Bus mice, and found that offspring are born efficiently. The microinsemination technique was first used to derive offspring after allogeneic testis cell transplantation. It was also useful to derive offspring from xenogeneic rat donor cells. Although several successful cases of fertility restoration have been reported in non-rodent strains, the efficiency was very low, which requires improvement. then focused on Nox genes and found that Nox1 and Nox3 are responsible for SSC self-renewal (Morimoto et al., 2013 . Although excessive ROS are apparently toxic, our results suggest that self-renewal of SSCs is supported by moderate levels of ROS generated by Nox genes.
Although it has been taken for granted that GDNF is indispensable for SSCs (Meng et al., 2000) , we recently revisited this issue because a lack of SSCs in Gdnf KO mice was not conclusively demonstrated by the transplantation assay in the original study. Mutant mice harboring the Y1062F null mutation in the RET proto-oncogene exhibit a Hirschsprung's disease-like phenotype including the loss of spermatogenesis, and the Y1062F mutation is thought to be critical for SSC self-renewal (Jain et al., 2004; Jijiwa et al., 2008) . However, our in-depth analysis revealed survival of GFRA1 + CDH1
+ spermatogonia in these mutant mice. We also found that SSCs could be expanded with single growth factors GDNF or FGF2 in vitro (GDNF-cultured spermatogonia: G-SPG; FGF2-cultured spermatogonia: F-SPG). Although these cells formed colonies on laminin-coated dish with distinct morphologies, both of them could maintain SSC activity and restore fertility of infertile mice by spermatogonial transplantation even after 4 months of culture, demonstrating that GDNF is dispensable for self-renewal division (Takashima et al., 2015) ( Fig. 3A) . Interestingly, G-SPG exhibit MAP2K1 pathway-dependent selfrenewal, whereas F-SPG survive and proliferate without MAP2K1 activation, indicating a functional difference between FGF2 and GDNF. So far, we have not observed significant difference in colonization efficiency after long-term culture of both cell types. These results revealed that GDNF is not the only self-renewal factor for SSCs. There are probably additional molecules involved in SSC selfrenewal, such as FGF8, CSF1, WNT3A, WNT5A, WNT6, and VEGFA (Oatley et al., 2009; Yeh et al., 2011 Yeh et al., , 2012 Lu et al., 2013; Hasegawa and Saga, 2014; Takase and Nusse, 2016; Tanaka et al., 2016) . How these molecules regulate SSCs will be an important future topic. Analysis of KO mice is generally helpful, but the example using RETY1062F mutant mice suggests that caution is necessary to interpret the phenotypes of KO mice. Because Cre expression is toxic to SSCs (Kanatsu- Shinohara et al., 2008c) , analysis of conditional KO mice using Cre causes additional problems, including lineage tracing studies. This is particularly true when a transplantation assay is not employed in the analysis.
Negative regulator of SSC self-renewal
Although much progress has been made in the characterization of positive regulators of SSC self-renewal, little is known about the negative regulators. The doubling time of GSCs is~2.5 days in vitro, which is apparently shorter than that of undifferentiated spermatogonia in vivo. Therefore, it is not surprising that SSC self-renewal is negatively regulated in vivo. 
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We focused on the function of FBXW7 in SSC self-renewal because it is specifically expressed in undifferentiated spermatogonia. FBXW7 regulates self-renewal, differentiation, and cell death of various stem cell types (Takeishi and Nakayama, 2014) . Using the GSC culture system, we found that overexpression of FBXW7 suppresses GSC proliferation, whereas disruption of Fbxw7 in SSCs enhances self-renewal and suppresses differentiation. These results showed that FBXW7 negatively influences self-renewal. Screening of FBXW7 target proteins revealed that MYC and CCNE1 are negatively regulated by FBXW7 (Kanatsu- . MYC is particularly important because Myc, but not Ccne1, overexpression increased colonization of SSCs. Understanding MYC functions will likely lead us to understand the molecular machinery that maintains the balance between self-renewing and differentiating cell divisions.
Regulation of self-renewal by the hypothalamic-pituitary (HP) axis
Several previous studies have suggested that SSCs are influenced by the hypothalamic-pituitary (HP) axis. Hypothalamus-derived gonadotropin-releasing hormone (GnRH) stimulates the pituitary gland to release hormones that control gonadal functions. Folliclestimulating hormone (FSH) acts on Sertoli cells to produce GDNF, while luteinizing hormone (LH) stimulates Leydig cells to synthesize testosterone to regulate Sertoli cells (Lei et al., 2001; Zhang et al., 2001; Tadokoro et al., 2002) . The niche size also increases via transient hypothyroidism (Oatley et al., 2011) . In addition to Leydig cells, peritubular myoid cells (PMCs) produce CSF1 that increases self-renewal in vitro (Oatley et al., 2009) . PMCs also appear to contribute to SSC self-renewal in humans (Spinnler et al., 2010) . Chen et al. recently demonstrated that testosterone-dependent Gdnf expression in PMCs contributes to maintenance of undifferentiated spermatogonia in vitro and in vivo (Chen et al., 2014 . However, the specificity of Cre-mediated deletion in PMCs has been unclear, and it has remained controversial whether testosterone regulates GDNF in vivo (Chen and Liu, 2016; Eddy and Chen, 2016) .
To clarify the effect of the HP axis on SSCs, we used Lhcgr and Fsh KO mice Moreover, F-SPG and G-SPG were also established from pup mouse testes. The former was unexpected because GDNF is believed to be essential for self-renewal. ESC-like mGSCs were found in pup testis cell cultures, suggesting that postnatal germ cells retain potential pluripotency. Although the frequency of mGSC development was low, we found that simultaneous suppression of Trp53 and Dmrt1 converts GSCs to mGSCs. These types of ESC-like cells form teratomas following spermatogonial transplantation but contribute to chimeras upon microinjection into blastocysts. (B) eGSCs derived from PGCs. Although eGSCs produce sperm and offspring by spermatogonial transplantation, we found epigenetic abnormalities in the offspring, which were transmitted to subsequent generations.
not influence SSC numbers or expression of GDNF and FGF2 in Fsh KO mice. Conversely, the testes of Lhcgr KO mice were significantly small and exhibited severe spermatogenic defects. Although we observed relative enrichment of SSCs in Lhcgr KO mouse testes, GDNF and FGF2 were not upregulated, suggesting the involvement of unknown self-renewal factors. Therefore, we tried to identify genes responsible for the increased SSC population in Lhcgr KO mice using microarray, and found Wnt5a as a factor responsible for enhanced self-renewal in Lhcgr KO mice. WNT5A was previously shown to improve SSC survival in vitro (Yeh et al., 2011) . We also confirmed that WNT5A facilitates not only proliferation but also self-renewal of GSCs in vitro . Although overexpression of WNT5A in donor testes significantly increases the number of SSCs, overexpression of WNT5A in recipient testes does not affect colonization of donor SSCs. These data demonstrate that WNT5A promotes SSC self-renewal in vivo but does not affect SSC homing to their niche . The involvement of the HP axis in SSC self-renewal was suggested by early spermatogonial transplantation experiments. Colonization efficiency is enhanced by injection of recipient mice with a GnRH analogue (Ogawa et al., 1998; Dobrinski et al., 2001 ). We also demonstrated that self-renewal efficiency increases when recipients are hypophysectomized before spermatogonial transplantation (Kanatsu-Shinohara et al., 2004b) . Although WNT5A stimulates SSC self-renewal, its effect was not as strong as we expected based on these previous experiments, and no effect was found on SSC homing in Lhcgr KO mice. Perhaps additional molecules regulate SSC self-renewal and homing under the control of the HP axis.
Purification of SSCs
To identify surface markers of SSCs, we have used fluorescenceactivated cell sorting and/or magnetic activated cell sorting (MACS) in combination with spermatogonial transplantation. The first surface molecules identified on SSCs were laminin receptors ITGA6 and ITGB1. ITGA6-and ITGB1-mediated selection of SSCs by MACS demonstrated 8.4-and 3.8-fold enrichments of SSCs, respectively (Shinohara et al., 1999) . Subsequently, we focused on CD9 because this molecule is expressed on embryonic stem cells (ESCs) that often show a similar gene expression pattern to that of GSCs. Selection of the CD9 + population demonstrated a 6.9-fold enrichment of SSCs (Kanatsu-Shinohara et al., 2004c) . Epithelial cell adhesion molecule (EPCAM), another molecule expressed in ESCs, is also reportedly useful for enrichment of rat SSCs (Ryu et al., 2004) . By combining these two markers, the CD9-Hi EPCAM Lo population exhibited a 48.7-fold increase in SSC activity (Kanatsu-Shinohara et al., 2011b Shinohara et al., 2012b) . Stem cell dyes are also applicable for SSC enrichment. Although Hoechst 33342 staining revealed that hematopoietic stem cells (HSCs) are resided in the side population, several groups reported conflicting results of SSC activity in the testicular side population: Some groups achieved SSCs enrichment, while other groups failed to find SSCs in the side population (Kubota et al., 2003; Falciatori et al., 2004; Lassalle et al., 2004; Lo et al., 2005; Barroca et al., 2009; Shinohara et al., 2011) . At present, it is difficult to reconcile these observations. However, one possibility is the type of donor testes. SSCs in cryptorchid testes may not necessarily have the same properties with those in untreated testes (Lassalle et al., 2004) . Moreover, because Hoecsht 33342 exhibit cell toxicity, slight difference in Hoechst concentration might have destroyed SSCs (Lo et al., 2005) .
By contrast, activity of aldehyde dehydrogenase (ALDH) was found to be useful for somatic stem cell isolation (Tomita et al., 2016) . ALDHs are a family of enzymes that detoxify aldehyde moieties by oxidation (Balber, 2011) To overcome this problem, we next used fluorescent molecules CDy1 and rhodamine 123 (Rh123) (Kanatsu- Shinohara et al., 2016a) . CDy1 is a substrate of ATP-binding cassette sub-family B member 1B and can distinguish undifferentiated ESCs/induced pluripotent stem cells (iPSCs) from differentiated progenies in culture (Vendrell et al., 2012) . On the other hand, Rh123 is a fluorescent substrate for Pglycoprotein and is reported to be applicable to SSC enrichment from cryptorchid testes by collection of the Rh123
Lo population (Lo et al., 2005 Shinohara et al., 2016a) . Because dye-based SSC selection does not rely on species-specific antibodies, this procedure may be applicable to other animal species for which appropriate antibodies for SSC isolation are unavailable. Based on these analyses in rodents, several groups tried to purify human SSCs. Especially, ITGA6 and CD9 was suggested to be useful marker for human SSC purification by MACS in combination with spermatogonial transplantation into testes of germ cell-depleted nude mice (Zohni et al., 2012; Valli et al., 2014) . It would be important to examine whether other putative SSC markers found in rodents are conserved in human SSCs.
Homing of SSCs to the germline niche
Migration of transplanted SSCs through the blood testis barrier (BTB) into niches is probably the most striking observation in spermatogonial transplantation, because spermatogenic cells in the basal compartment of seminiferous tubules normally migrate to the adluminal compartment. This SSC "homing" phenomenon does not appear to be a physiological event. However, it underscores the close relationship between SSCs and niches. Although the molecular mechanism of SSC homing had been unknown, we identified ITGB1 as a critical molecule for SSC homing in 2008. Transplanted SSCs lacking this molecule migrate to the basal compartment of seminiferous tubules, but they detach from the basement membrane and fail to form germ cell colonies (Kanatsu- Shinohara et al., 2008d) . In 2011, RAC1 was demonstrated to be an essential molecule for passing through the BTB (Takashima et al., 2011) . Although SSCs lacking RAC1 hardly colonize the adult germline niche, the same cells colonize pup testes with an immature BTB. RAC1 is considered to regulate CLDN3 to pass through the tight junctions of the BTB. SSC homing also depends on the cell cycle status, because GSCs in G1 phase produce significantly more colonies than those in other cell cycle phases (Ishii et al., 2014b) .
We established a novel in vitro homing assay for SSCs using testis cell feeders. This assay is somewhat similar to the cobblestone area-forming assay for HSCs (Kanatsu-Shinohara et al., 2012a) . HSCs form cobblestone-like colonies beneath a bone marrow feeder layer (Ploemacher et al., 1989) (Fig. 3A) . These results suggest that the cobblestone-forming activity is conserved between HSCs and SSCs. Using this assay, we found that GDNF and CXCL12 are involved in SSC homing. These results are consistent with other reports (Dovere et al., 2013; Huleihel et al., 2013; Yang et al., 2013b) . Both GDNF and CXCL12 enhance cobblestone area formation by SSCs and GSCs in vitro, whereas inhibition of these signals reduce the homing efficiency after spermatogonial transplantation, demonstrating that they contribute to SSC homing in vivo. Because GDNF increases the expression of CXCR4, a receptor for CXCL12, it is likely that these factors act synergistically for SSC homing.
Potential pluripotency of SSCs
During the course of gene targeting experiments using GSCs, ESClike colonies were found in pup testis cell cultures. These cells were designated as multipotent GSCs (mGSCs) (Fig. 3A) . They showed bona fide pluripotency and contributed to germline chimeras by blastocyst injection (Kanatsu- Shinohara et al., 2004a) . This result was unexpected because it has been considered that germ cells lose pluripotency after 13.5 days postcoitum (dpc). Leroy C. Stevens reported that male genital ridges from 129/Sv mouse at 11.5-12.5 dpc frequently formed teratomas in the recipient adult testes. However, this incidence was dramatically decreased when genital ridges were collected from 13.5 dpc or older embryos (Stevens, 1966) . Moreover, primordial germ cells (PGCs) derived from 8.5 to 12.5 dpc embryos give rise to embryonic germ cells under specialized culture conditions containing KITL, FGF2, and leukemia inhibitory factor. However, the same culture conditions do not induce pluripotency when cells are collected from 13.5 dpc or older embryos (Matsui et al., 1992; Resnick et al., 1992; Labosky et al., 1994) . Although it was possible that a small number of primitive PGClike cells remained in postnatal testes, it was likely that mGSCs originated from GSCs because we found that GSCs and mGSCs with the same transgene integration patterns appeared during drug selection of transfected clones after electroporation (Kanatsu-Shinohara et al., 2008a) . These data demonstrated that mGSCs originate from GSCs. Discovery of mGSCs suggested that postnatal germ cells retain potential pluripotency.
The involvement of Trp53 in mGSC formation was a by-product of our research on radiation sensitivity (Ishii et al., 2014a ). When we tried to establish GSCs from Trp53 KO mice, we noticed that Trp53 KO GSCs readily convert into mGSCs (Kanatsu-Shinohara et al., 2004a) . Because Trp53 is an established tumor suppressor gene, this observation led us to analyze the relationship between mGSCs and germ cell tumor formation. Although HRASV12 and CCND2 have been implicated in germ cell tumor development, they do not facilitate mGSC derivation (Lee et al., 2009a) . We next applied an in vitro transformation protocol developed for somatic cells. Pup testis cells were transfected with HRASV12, MYC, and dominant negative TRP53. Similar to ESCs, the combination of these genes produced ESC-like colonies that proliferated very rapidly. However, they did not express Nanog, a critical marker of pluripotency (Morimoto et al., 2012) . Interestingly, transfecting the same combination of genes or Yamanaka factors did not induce apparent changes in GSCs, suggesting that they are resistant to somatic cell transformation/reprogramming protocols. These results indicate that simple overexpression of somatic cell oncogenes does not induce mGSCs from fresh SSCs, and suggest that GSCs and fresh testis cells may not behave similarly, which supports our previous experiments that showed phenotypic differences between GSCs and SSCs in vivo. For example, it is generally considered that SSCs in vivo do not express KIT. However, both KIT + and KIT − populations in GSC cultures exhibit comparable SSC frequency (Morimoto et al., 2009) . Perhaps, such difference may be caused by the excessive stimulation of self-renewal in vitro. We then applied different approach. Because imprinted genes are demethylated in mGSCs, we hypothesized that DNA demethylation might play a role during dedifferentiation of GSCs (Kanatsu- Shinohara et al., 2004a) . Moreover, the degree of genome-wide CpG methylation in GSCs is significantly higher than that in mGSCs and ESCs (Takashima et al., 2013) . Based on these observations, we depleted Dnmt1 and Trp53 in GSCs and found that simultaneous suppression of these genes induces mGSCs from GSCs within 4 weeks at an efficiency of 70%. Therefore, DNA methylation is important for suppression of pluripotency in GSCs. Subsequently, we identified Dmrt1 as a gene that regulates potential pluripotency. Dmrt1 is downregulated in Trp53 KO GSCs upon Dnmt1 knockdown, and simultaneous depletion of Dmrt1 and Trp53 induces pluripotency in GSCs via upregulation of Sox2 (Takashima et al., 2013) (Fig. 3A) . Moreover, we demonstrated that Sox2 upregulation induces Pou5f1. Although Dmrt1 is responsible for sex determination and meiosis, deletion of this gene also induces teratomas at an efficiency of 90% in the 129/Sv strain (Krentz et al., 2009; Matson et al., 2010; Matson et al., 2011) . These data suggest that Dmrt1 is a germline-specific tumor suppressor gene and one of the critical molecules that suppress pluripotency in GSCs.
However, there were more questions raised by these experiments. We recently found that depletion of Trp53 and Dmrt1 does not induce pluripotency in freshly isolated testis cells. In addition, although we assumed that younger germ cells would be more sensitive to induction of pluripotency, in vitro transfection experiments revealed that PGCs derived from 12.5 dpc embryo are more sensitive than those from 8.5 to 10.5 dpc embryos. Dmrt1 suppression does not appear to be necessary to induce pluripotent cells because depleting Trp53 suppression is sufficient for conversion . These experiments indicate that 1) PGCs/SSCs/GSCs do not show the same phenotypes upon Dmrt1/Trp53 depletion, 2) Trp53 is critical to suppress pluripotency throughout germline development, and 3) Dmrt1 plays an additional role in suppression of pluripotency in postnatal germ cells. Germ cells are unique because all Yamanaka factors are expressed at the mRNA level (Takashima et al., 2013) . However, why primary germ cells do not become pluripotent cells is not entirely clear. Because simple transfection of Yamanaka factors does not induce iPSCs from GSCs, germ cells including SSCs might have a unique machinery to regulate pluripotency, which does not operate in somatic cells.
SSCs and fertility
The most stringent criterion of SSC functions is fertility restoration. Although spermatogenesis may appear normal according to histology after transplantation, it does not necessarily indicate that SSCs are functionally normal. In fact, GSC-like cells that originate from PGC cultures (embryonic GSCs: eGSCs) show abnormal DNA methylation in offspring (Lee et al., 2009b) (Fig. 3B) . However, few studies have addressed basic questions associated with fertility restoration, possibly because of the difficulties and inefficiency of the spermatogonial transplantation technique.
Initial transplantation experiments showed the feasibility of fertility restoration. However, the efficiency of producing offspring was very low; three recipients had restored fertility at least 8 months after spermatogonial transplantation (Brinster and Avarbock, 1994) (Fig. 1) . The use of W mice increased the efficiency, but more than 5 months were still required to produce offspring (Ogawa et al., 2000) . The most dramatic improvement was achieved using immature W mice (Shinohara et al., 2001) . Because the BTB would be a big barrier for SSC colonization, we hypothesized that pup testes without the BTB increase SSC colonization. As expected, the efficiency of donor cell colonization in these mice increases by 5-10-fold, and colonies are significantly larger than those in adult mice. Most importantly, offspring are produced within 3 months after transplantation. It is considered that the increased colonization is due to the lack of the BTB in these mice. In addition, immature Sertoli cells might have characteristics more hospitable for SSCs by secreting significantly higher levels of GDNF (Meng et al., 2000) . This transplantation technique has significantly improved fertility studies and has been used to produce offspring from not only SSCs but also PGCs (Chuma et al., 2005; Hayashi et al., 2011) , which do not colonize adult testes (Ohta et al., 2004) .
One of the questions raised in our fertility restoration experiments was how the genetic information is transmitted to the next generation. Using KO mice, we found that cyclin-dependent kinase (CDK) inhibitors affect the contribution efficiency of SSC to fertility (Kanatsu-Shinohara et al., 2010) . The cell cycle is positively regulated by CDK and cyclin, whereas CDK inhibitors regulate the cell cycle negatively by inducing cell cycle exit via inhibiting the formation of the cyclin-CDK complex. We focused on the function of two CDK inhibitors, Cdkn1a and Cdkn1b. It has been reported that Cdkn1b-deficient mice exhibit multiorgan hyperplasia, including in the testis, which was attributed to Sertoli cell defects (Nakayama et al., 1997) . Conversely, Cdkn1a-deficient mice do not show apparent testicular abnormalities under physiological conditions (Deng et al., 1995) . However, when the same number of Cdkn1b-deficient and wild-type testis cells were injected into W mice to compare the efficiency of germline transmission (competitive repopulation assay), we found that Cdkn1b-deficient SSCs rarely contribute to offspring. In contrast, when we performed similar experiments using Cdkn1a KO mouse testis cells, SSCs from Cdkn1a KO mice outcompeted wild-type SSCs. Although the exact mechanisms underlying such phenomena are unknown, these results suggest that the amount of CDK inhibitors influences the germline transmission patterns in the male.
We further analyzed the germline transmission pattern of individual SSCs (Kanatsu-Shinohara et al., 2016c) . SSCs are thought to contribute randomly to fertilization events. However, we found that a small number of SSCs produce offspring within a set period. Interestingly, the same SSC clone reappears later with an average functional life span of 124.4 days. This cyclic offspring production pattern does not depend on the mode of self-renewal because our lineage tracing analysis revealed that all SSCs proliferate continuously. Selection of SSC clones appears to occur during the differentiating spermatogonia stage during which extensive apoptosis was detected. These data suggest that, although all SSC clones evenly undergo self-renewal and produce differentiating spermatogonia, the progeny of some SSC clones contribute to fertility at a given time point (Kanatsu-Shinohara et al., 2016c) . The dynamics of offspring production from SSCs can be predicted using a mathematical model in which SSCs repeat cycles of transient spermatogenic burst and refractory periods, suggesting that spermatogenesis is a regulated process through which specific SSC clones take turns to contribute to fertility with a long-term cycle. Fertility studies using W pup recipients have several problems including the technical difficulties of transplantation and availability of mutant male mice. To overcome these problems, we recently reported the utility of GSCs and adult recipients for fertility studies (Fig. 1) . Because GSCs are enriched for SSCs, it allows us to transplant a large number of SSCs for fertility restoration. In addition, spermatogonial transplantation into adult testes is more reliable than using pup testes. In this experiment, we compared the utility of busulfan-treated wildtype adult (Bus) and congenitally infertile adult W mice (KanatsuShinohara et al., 2016b) . Despite several previous reports showing the superiority of W mice, we found efficient production of offspring by Bus recipients. All seven Bus recipients produced donor-derived offspring within 4 months after transplantation. In contrast, three of five W recipients became fertile. Quantification of SSCs revealed that at least 40-80 SSCs are required to restore fertility. This fertility restoration system using GSCs and Bus mice will be useful to understand factors involved in male germline transmission.
SSC applications
GSCs are potentially useful for genetic manipulation of a variety of animals including humans. However, several obstacles need to be overcome.
Optimization of the GSC culture technique is apparently necessary. After development of mouse GSC culture, a similar culture technique was developed for rats and hamsters (Ryu et al., 2005; Hamra et al., 2005; Kanatsu-Shinohara et al., 2008b) . However, long-term cultures for more than months have not been achieved for SSCs from nonrodent species. Even in rodents, the behavior of the cultured cells is quite variable. For example, although rat SSCs proliferate faster than mouse SSCs in vivo, rat GSCs are unstable and proliferate more slowly than mouse GSCs (Orwig et al., 2002; Kanatsu-Shinohara et al., 2011a) . Similarly, although Kubota et al. succeeded in expanding rabbit spermatogonia in vitro, the stem cell activity of the cultured cells was diminished severely, suggesting that the cells gradually lose SSC activity during culture (Kubota et al., 2011) . These results suggest that the current culture conditions are far from ideal. Although clustered regularly interspaced short palindromic repeat-CRISPR-associated protein 9 (CRISPR-Cas9) technology enables more efficient genetic manipulation in rodents (Yang et al., 2013a; Chapman et al., 2015; Sato et al., 2015b; Wu et al., 2015) (Fig. 2B) , it is apparently necessary to identify novel self-renewal factors to extend the technique to a large number of animal species. Development of serum-free culture techniques will be useful to resolve this issue, which are being improved for mice (KanatsuShinohara and Shinohara, 2013; Kanatsu-Shinohara et al., 2014a) .
Another critical problem in SSC applications is improvement of the transplantation technique. The spermatogonial transplantation technique was originally developed in mice and subsequently extended to rats (Brinster and Zimmermann, 1994; Ogawa et al., 1999) . Although SSC transplantation was applied to many non-rodent animals, SSCderived offspring were born only in goat, sheep, and chicken ( Fig. 1 ) (Honaramooz et al., 2003; Lee et al., 2006; Trefil et al., 2006; Herrid et al., 2009) . Two factors are involved in fertility restoration using spermatogonial transplantation. The first is the number of SSCs. Transplantation of fresh testis cells is apparently inefficient because SSCs are only a small population in testes. As mentioned above, transplantation of GSCs is more practical because it is possible to collect a large number of SSCs (Kanatsu-Shinohara et al., 2016a) . Therefore, derivation of GSC cultures will likely solve this first problem. Another factor is recipient preparation. Removal of endogenous germ cells compromises testis microenvironments in rats (Ogawa et al., 1999) . In addition, differences in testicular structures need to be taken into consideration. A much larger number of cells might be required for fertility restoration because of their large testis size. However, microinsemination technique can be used to produce offspring from transplanted SSCs (Kanatsu- Shinohara et al., 2003b; Shinohara et al., 2006) (Fig. 1) .
In this context, the in vitro spermatogenesis technique will be an attractive approach to solve the second problem. Sato et al. applied the liquid-air interface type organ culture technique and succeeded in inducing in vitro spermatogenesis of seminiferous tubules derived not only from pups but also several types of mice, including wild-type adult, Kitl Sl /Kitl Sl-d (Sl) mutant, and cryopreserved pup testes (Sato et al., 2011a (Sato et al., , 2012 Yokonishi et al., 2014; Sato et al., 2015a) (Fig. 4) . Moreover, Komeya et al. improved the efficiency of spermatogenesis by adopting microfluidics technology (Komeya et al., 2016) . Although these studies suggest promising future outcomes, the next challenge is to extend this technique to other animal species. Because GSC transplantation into cultured testicular fragments is clearly difficult and requires skilled handling (Sato et al., 2011b) , the final goal is to induce GSCs to differentiate into sperm in two-dimensional culture without somatic cells.
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GSCs as the germ cell donor Fig. 4 . Development of the in vitro spermatogenesis technique using an organ culture system. Sato et al. achieved in vitro spermatogenesis using mouse pup testes. This technique was subsequently adapted to produce offspring from GSCs, cryopreserved testes, and adult testes. They also demonstrated fertility restoration of Sl testes by an overload of KITL and succeeded to improve the efficiency of spermatogenesis using a microfluidics system.
